Molecular genetic data becomes increasingly important during the process of clinical testing of new drugs. The combination of clinical and phenotypical data with expression profiles and genotyping via single-nucleotide polymorphism (SNP) analysis enables patient stratification according to, eg, treatment response or toxic effects on an individual basis. Besides parameters like efficiency and efficacy, drug metabolism has also been monitored. [1] [2] [3] Some of the genetic data generated during drug development can often be used for the identification of biomarkers, which provide a basis for diagnostic and prognostic tests. 4, 5 Recently, microRNAs (miRNA) were found to be involved in disease development and progression. Their natural role in developmental processes like angiogenesis, neurogenesis, or stem cell differentiation supports their involvement in cancer progression. 6 -10 Profiling of these small regulatory RNA species may provide additional valuable information to pharmaceutical companies and diagnostic test developers. Besides testing for infectious diseases, nucleic acid-based molecular diagnostic tests for cancer or metabolic diseases have been designed. 4 Regulatory agencies like the United States Food and Drug Administration encourage generation of genetic data during clinical trials to better estimate and document the effects of a drug in the human body (http://www.fda.gov/cber/gdlns/ pharmdtasub.htm).
Sampling of blood is a standard procedure in most clinical trials and many diagnostic testing procedures. Pathological conditions in organs and remote tissues are often detectable in gene expression profiles from blood samples. Thus blood may serve as a surrogate tissue 9 that can be collected with minimal effort and inconvenience to the patient. In contrast to classical diagnostic parameters like blood sedimentation rate or cholesterol content, which is stable in standard blood collection tubes, the nucleic acid-based information can be affected very rapidly. Postphlebotomy changes in the transcription profile caused by degradation and gene induction, leading to inconsistent results, are well documented. [11] [12] [13] [14] [15] [16] Consequently, there is a need for stabilization of cellular RNA species to retain the gene expression profile at the time of blood collection, and for this purpose, the PAXgene Blood RNA stabilization and isolation procedure is commonly used. [17] [18] [19] [20] This procedure is dedicated to the isolation of mRNA and large rRNA species only. Small RNAs like 5S rRNA, tRNA, snRNA, or miRNA are excluded during the iso-lation process, and genomic DNA (gDNA) is mechanically and enzymatically removed from the sample. To gain the complete genetic profile, additional blood tubes and isolation methods would be needed. With increased numbers of sample tubes, logistics become more complex, and the risk of failure is increased. Clinical trials work and reliable diagnosis should avoid this complication when possible.
We developed TRI-X, a new method that allows the isolation of all types of nucleic acids from one PAXgene Blood RNA tube to obtain sufficient high-quality material for the generation of microarray-based SNP, expression, and miRNA profiles. The method is suitable for clinical studies with high sample throughput because most steps can be automated on an appropriate robotic platform. The high reliability and complete documentation of all automated processes could be the starting point to develop an in vitro diagnostic compliant system.
Materials and Methods
TRI-X is a combination of three isolation methods ( Figure  1 ), starting with 2.5-ml whole blood collected in PAXgene Blood RNA tubes (PreAnalytiX, Hombrechtikon, Switzerland). Blood samples from healthy donors were collected and frozen at Ϫ80°C within 2 hours after blood withdrawal. The frozen samples were thawed for 16 hours at room temperature in batches of 48 before processing. After thawing of the tubes, 1 ml of the sample was transferred from every PAXgene Blood RNA tube into separate 2-ml tubes for gDNA isolation.
The remaining 9 ml of each sample was used for automated RNA isolation with the PAXgene Blood RNA MDx kit (PreAnalytiX) on the BioRobot MDx (Qiagen). The procedure of this RNA isolation method has been described in detail previously. 12 The procedure starts with a proteinase K digest in the presence of guanidinium thiocyanate followed by a filtration step to remove cell debris and most of the gDNA. After the addition of ethanol, the cleared lysate is passed through a silica membrane to bind the large RNA species and remaining gDNA. In contrast to the original PAXgene Blood RNA MDx V1.0 protocol, we programmed a new version (PAXgene Blood RNA MDx cV17) that allows the collection of the flow through in a 96-square-well block during the RNA-binding step on the PAXgene 96 RNA plate. Immediately after the binding step, the flow through is manually removed from the robot, and the standard RNA isolation procedure is continued by the robot. This includes two washing steps, a DNase I digestion step on the membrane, three further wash steps, heat drying of the membrane, and finally elution of the RNA into a 96-well plate. The RNA samples were transferred from the elution plate into a Costar 3536 UV plate by the BioRobot MDx and absorptions at 260 and 280 nm were measured in a DTX880 plate reader (Beckman-Coulter, Fullerton, CA). In addition, the integrity of the RNA was determined with the RNA 6000 Nano LabChip on an Agilent 2100 Bioanalyzer 21 (Agilent, Palo Alto, CA). The RNA was stored at Ϫ20°C until further analysis.
The small RNA fraction containing the miRNA that does not bind to the RNA-binding plate during the BioRobot MDx run was pipetted onto a new RNA-binding plate, and miRNA was procured by adjusting the binding conditions. In brief, 1.6ϫ volumes (1.2 ml) of ethanol was added to the flow-though, mixed thoroughly, and passed through a new RNA-binding plate placed in a vacuum manifold (RNeasy 96 kit; Qiagen). The membrane was then washed according to the manufacturer's instruction, and finally the miRNAs were eluted in 100 l of H 2 O.
For gDNA isolation, the 1-ml aliquots (equivalent to 250 l of whole blood) were processed with the QIAamp DNA Blood kit (Qiagen) according to the manufacturer's instructions. Samples were lysed in the presence of proteinase and guanidinium hydrochloride. Ethanol was added to bind the gDNA to the QIAamp silica membrane. Nucleic acids bound to the membrane were subsequently washed in three steps and eluted from the membrane in 200 l of H 2 O. The DNA concentration was determined on a NanoDrop ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and stored at Ϫ20°C.
Affymetrix Genechip Human Mapping 250K SNP arrays (Affymetrix, Santa Clara, CA) were used for DNA analysis. All procedures were performed according to Affymetrix standard protocols. In brief, the DNA was vacuum dried and redissolved in 50 l of H 2 O. DNA (250 ng) from 12 samples (three different samples from three do- Overview scheme for the TRI-X workflow. TRI-X is a combination of three methods, starting with 2.5-ml whole blood collected in a single PAXgene Blood RNA tube. Genomic DNA is isolated from a 1-ml aliquot with the QIAamp Blood DNA protocol. The remaining sample is extracted with the PAXgene Blood RNA MDx procedure to isolate mRNAs and large rRNA fragments. Small RNA species including miRNA are isolated from the flow through of the PAXgene Blood RNA MDx protocol binding step via a modified RNeasy procedure.
nors and three control DNA samples provided with the labeling kit) was labeled and hybridized to the array. The SNP call rate and sample mismatch report was determined with GTYPE software (Affymetrix).
Gene expression analyses were performed using the Affymetrix HG U133 plus 2.0 Genechip (Affymetrix). RNA was concentrated by ethanol precipitation, and 1 g was used for labeling using MessageAmp II Biotin Enhanced labeling kit (Ambion, Austin, TX). All labeling reactions were performed with or without SnX globin depletion reagent (AROS Applied Biotechnology A/S), which is a mixture of locked nucleic acid (LNA)-modified oligonucleotides that specifically hybridizes and thereby blocks the reverse transcription at the 3Ј-end of globin transcripts. In contrast to PNA probes as used in an Affymetrix globin depletion protocol, LNA oligonucleotides are highly soluble in water and can therefore be added to the labeling master mix. This reduces the handling processes and thereby increases the reproducibility. The scanned GeneChips were analyzed using GCOS (Affymetrix) and globally scaled to 150 U.
miRNA expression profiling was performed using LNA probes (miRCURY LNA Array Probeset V7.1; Exiqon A/S, Vedbaek, Denmark) 22 spotted in duplicate on CodeLink slides (GE Healthcare, Chalfont, St. Giles, UK) using a VersArray ChipWriter Pro System (Bio-Rad Laboratories, Hercules, CA). Before spotting probes were diluted to a final concentration of 10 mol/L using a 150 mmol/L phosphate buffer, pH 8.6, miRNA equivalent to 2 g of total RNA isolated from the same PAXgene Blood RNA tube was used as starting material in the HY3 enzymatic labeling reaction (miRCURY LNA Array, Hy3/Hy5 labeling kit; Exiqon A/S). A pool of miRNA generated from total RNA extractions from several organs and cell lines was used as reference sample and 2 g of reference RNA was labeled with HY5. Labeling and hybridization was performed according to the manufacturer's instructions. TIGR Spotfinder 2.23 software (TIGR, Rockville, MD) was used after microarray scanning to generate raw-intensity data. Data were filtered to only include probes detected above background (50% background Ϯ 2 SD). Raw expression data were Lowess-normalized using TIGR MI-DAS 2.19 software, and TIGR MeV 3.1 was used for subsequent data analysis.
We used TaqMan MicroRNA assays (Applied Biosystems, Foster City, CA) for measuring the miRNA expression quantitatively. Polymerase chain reaction (PCR) assays were performed in triplicate for let-7a, miR-30b, and miR145 as described by the manufacturer using an ABI7900 PCR system (Applied Biosystems).
Results
gDNA isolation from 144 donors resulted in a yield of 1.38 Ϯ 0.66 g (mean Ϯ SD) with a 260:280 nm ratio of 1.88 Ϯ 0.38 (mean Ϯ SD; 38 samples were excluded because they had 280 nm readings below the linear range of the spectrophotometer).
Only one sample had a yield less than 250 ng, which is the required amount for Genechip 250K SNP analysis, and only six samples gave a yield less than 500 ng (4%), which is required for 500K SNP analysis (Table 1) .
We hybridized 12 gDNA samples isolated from nine different PAXgene tubes, ie, three DNA samples from each of three donors plus three gDNA controls included in the labeling kit. The call rates achieved using donor gDNA were essentially identical to those achieved using control samples (93.2 Ϯ 0.0090, 93.6 Ϯ 0.0158, 94.6 Ϯ 0.0098, and 94.4 Ϯ 0.0158%, respectively). The gender was correctly determined in all samples, and the number of homozygotic (AA and BB) and heterozygotic (AB) calls within each group were similar ( Table 2 ). We performed a 
*Yield of gDNA isolated from 1-ml aliquots of blood from 144 donors.
† Corresponding yield of total RNA before (Eluate) and after (Conc) ethanol concentration. Figure 2) shows that the control gDNA and the individual donor gDNA were scored as identical within the groups and different between the groups. RNA isolation from 144 PAXgene Blood RNA tubes displayed a yield of 5.9 Ϯ 3.1 g (mean Ϯ SD), and more than 1 g was procured from each sample. Agilent Bioanalyzer analysis showed that RNA molecules smaller than approximately 150 nucleotides were absent from the total RNA preparations and that distinct 28S and 18S RNA were visible ( Figure 3A) . The RNA integrity number scores were 8.7 Ϯ 0.47 (mean Ϯ SD). Figure 3B shows clearly the enrichment of small RNA molecules in eluates derived from flow through of the robot binding step. For the microarray labeling reaction, the concentration of the eluted RNA was too low, and therefore an ethanol precipitation step was necessary. The recovery after ethanol precipitation was 68%, resulting in a mean yield of 4 Ϯ 2.7 g (mean Ϯ SD), excluding six samples (4.2%) with yields below 1 g ( Table 1 ).
The performance of the expression analysis using GeneChip U133 plus 2.0 was highly dependent on the addition of globin-blocking reagent SnX to the labeling reaction. Blocking the globin transcripts increased the number of probe sets scored as present from 7.077 (34.4%) Ϯ 599 (2.7%) to 9.731 (43.7%) Ϯ 347 (1.6%) and improved the glyceraldehyde-3-phosphate dehydrogenase 3Ј:5Ј ratio from 1.87 Ϯ 0.52 to 1.42 Ϯ 0.31 and the total chip fluorescence signal as measured by the scaling factor from 3.7 Ϯ 0.89 to 2.3 Ϯ 0.34.
Using LNA-based oligonucleotide miRNA microarrays, we identified 42 miRNAs that were detected above background in all measurements of the small RNA fraction isolated from three different PAXgene Blood RNA tubes from four donors ( Table 3 ). The lowest signal value detected above background was 88,000 for hsa-miR-512-5p, and the highest was 1268,000 for hsa-let-30d. Three miRNA expression profiles were validated by real-time quantitative PCR on all samples. All of these miRNAs showed amplification and furthermore showed a high positive Pearson correlation to microarray data ranging between 0.74 and 0.86 (Table 3) . We compared the log2 microarray data to log2 average signals.
The yield of small RNA is highly influenced by even a small degree of degradation of the total RNA as the degradation products accumulate in the small RNA size range. It therefore makes little sense to use optical density measurements to determine the yield of miRNA. Because protocols for labeling miRNA from a total RNA preparation recommend using 1 to 2 g of total RNA, we therefore used a volume of miRNA preparation equivalent to 2 g of total RNA isolated from the same PAXgene Blood RNA tube.
Next, we evaluated the stability of RNA during longterm storage of the PAXgene tubes. A sample collection of 48 samples, of which one-half had been stored for more than 2.5 years and the other one-half for less than 5 months at Ϫ80°C, were processed using the TRI-X protocol. The yield and RNA integrity number scores of total RNA, which is the molecule that is most likely to suffer from long storage time, are summarized in Table 4 . We observed no significant deterioration of total RNA during 2.5 years of storage in PAXgene tubes. 
Discussion
A total of 144 blood samples from healthy donors were processed for isolation of RNA, miRNA, and DNA. To check the versatility of the protocols, we accessed the product for yield and quality. Yield should be sufficient for high-density microarray analysis, and quality should result in high-quality microarray data.
For the DNA microarray analysis, we chose to run one of two 250K mapping arrays from the Affymetrix 500K mapping array set. This platform requires a higher DNA quality compared with, eg, the Sentrix humanHap550 genotyping beadchip (Illumina, San Diego, CA), because this system uses restriction endonucleases in the labeling protocol. Analyses on both 250K mapping arrays require two separate labeling reactions with 250 ng of DNA for each reaction. In the present study, we achieved sufficient DNA for running both 250 SNP arrays in 96% of the 144 extracted samples and for running one of the arrays Twenty-four samples stored for more than 2.5 years at Ϫ80°C and 24 samples stored for less than 5 months were randomized and processed in the same batch. The table shows yield and quality of the two groups and corresponding SDs.
in Ͼ99% of the samples. Analysis on the Sentrix arrays requires 750 ng of input DNA, which was achieved from 125 of 144 samples. The yield of DNA can be increased by using a larger portion of the PAXgene Blood RNA tube content and still get enough RNA, because none of the samples with insufficient amounts of DNA had insufficient amounts of RNA.
Microarray expression analysis of whole-blood RNA presents a great challenge because reticulocyte transcripts may contribute up to 70% of all transcripts of which most are globin transcripts. These globin transcripts have been shown to reduce the microarray sensitivity measured as the number of probe sets present. 23, 24 We therefore checked the RNA quality in the microarray analysis both with and without blocking globin transcript during reverse transcription using an LNAmodified oligonucleotide mixture (SnX). The addition of SnX to the labeling reaction increased the sensitivity from 7.077 (34.4%) present calls to 9.731 (43.7%), which is highly similar to the results obtained by Affymetrix (Globin Reduction Protocol: A Method for Processing Whole Blood RNA Samples for Improved Array Results. Santa Clara, CA, Affymetrix technical note, Part no. 701497, Rev. 2) using a PNA-blocking reagent. The Affymetrix protocol, however, prescribes 3-to 10-fold higher amounts of input RNA.
In total, 42 different miRNA were detected in all samples using custom spotted miRNA microarrays. In cancer, miRNAs have been identified to have tumor suppressor and oncogene functions, and expression changes of several miRNAs may have diagnostic and prognostic significance. 25 Although miRNAs have been found in all mammalian tissues examined so far, there is little published information about miRNA expression in blood. 26 It is likely that miRNA expression profiles in white blood cells for blood-related diseases can be defined. However, several studies on transcriptional profiles in peripheral blood of a central nervous system disease, ie, multiple sclerosis, have identified specific expression patterns. 27 Therefore, it is feasible to assume also that expression profiles of miRNAs in blood can reflect the activity in other tissue compartments and thus serve as a diagnostic and/or prognostic tool for non-blood-related diseases. Some of the 42 detected miRNA species, especially let-7a, 28 mir145, 29 and mir195, 30 are supposed to be connected to different forms of cancer and could potentially be used as a starting point for diagnostic or prognostic assay development.
In this study, we showed that the amounts of total RNA, miRNA, and gDNA from a single PAXgene Blood RNA tube are sufficient and of an adequate quality to perform microarray experiments. As the number of genomic tests based on SNP genotyping and gene and miRNA expression grows, it would be of great importance that the material required for these tests can be isolated from a single blood sample. Furthermore, it would allow the analysis of blood samples from completed or running clinical studies where only single samples are available or for all new studies where the blood sampling is limited. The stability of RNA in PAXgene tubes stored at Ϫ80°C more than 2.5 years guarantees that the samples of longitudinal clinical studies, which often last several years, can be processed simultaneously in one or a few sets at the end of the study. Therefore, analytical "batch-effect" can also be avoided.
In some cases, donors may have low numbers of white blood cells, which is likely to result in lower yields of all three nucleic acid specimens. For diagnostic purposes, this may not be critical. Diagnostic and prognostic signatures often contain a limited number of genes, miRNAs, or SNPs, and therefore these methods often require less starting material than is used for microarrays. Moreover, labeling technologies are under constant development, and new systems that require less than 20 ng of input RNA are available, like the Ovation Whole Blood Solution kit (NuGen Technologies, Bemmel, The Netherlands).
The workflow described here for total RNA isolation is fully automated, and the concentration step before labeling is amenable for automation using MinElute 96 UF PCR Purification kit (Qiagen). We have tested this method in a pilot study and found a mean recovery of 78%, which is superior to the ethanol precipitation used in this study (data not shown). Further automation of the TRI-X procedure can be achieved by substituting the manual QiaAmp kit for gDNA isolation used in this study with the QIAamp DNA Blood MDx kit (Qiagen) designed for the BioRobot MDx. The automation of the miRNA isolation should be possible as well because similar procedures for automated total RNA isolation are already available on a comparable robot system (BioRobot Universal System; Qiagen). A completely automated isolation procedure would decrease failure rates and simplify high sample throughput logistics via sample tracking. The TRI-X procedure is readily implemented in AROS laboratories in a GLP environment that is usually required for clinical trials.
